The electrochemistry of Zr͑IV͒ and Zr͑II͒ and the electrodeposition of Al-Zr alloys were examined in the Lewis acidic 66.7-33.3 mol % aluminum chloride-1-ethyl-3-methylimidazolium chloride molten salt at 353 K. The electrochemical reduction of Zr͑IV͒ to Zr͑II͒ is complicated by the precipitation of ZrCl 3 ; however, solutions of Zr͑II͒ can be prepared by reducing Zr͑IV͒ with Al wire. Al-Zr alloys can be electrodeposited from plating baths containing either Zr͑IV͒ or Zr͑II͒, but for a given concentration and current density, baths containing Zr͑IV͒ lead to Al-Zr alloys with the higher Zr content. This result was traced to the diminutive concentration-dependent diffusion coefficient for Zr͑II͒. It was possible to prepare Al-Zr alloys containing up to ϳ17% atomic fraction ͑atom %͒ Zr. The structure of these deposits depended on the Zr content. Alloys containing less than 5 atom % Zr could be indexed to a disordered face-centered cubic structure similar to pure Al, whereas alloys containing ϳ17 atom % Zr were completely amorphous ͑metallic glass͒. The chloride pitting potentials of alloys with more than 8 atom % Zr were approximately The maximum solubility of zirconium in face-centered cubic ͑fcc͒ aluminum is 0.08% atomic fraction ͑atom %͒. This occurs at the peritectic transformation point at 660.5°C. At room temperature, zirconium has negligible solubility in aluminum.
The maximum solubility of zirconium in face-centered cubic ͑fcc͒ aluminum is 0.08% atomic fraction ͑atom %͒. This occurs at the peritectic transformation point at 660.5°C. At room temperature, zirconium has negligible solubility in aluminum. 1 However like most aluminum-transition metal alloys, supersaturated solid solutions greatly exceeding the equilibrium solubility can be obtained by nonequilibrium processing methods. For example, solid solutions containing up to 3.0 atom % zirconium have been produced by rapid solidification [2] [3] [4] [5] [6] and vapor deposition. 7 The Al-Zr solid solution, although metastable, shows good thermal stability up to ϳ400-450°C. This observation is consistent with the general trend that the thermal stability of the solid solution is related to the melting point of the alloying addition; i.e., the higher the melting point, the more stable the solid solution. 8 The thermal decomposition of the supersaturated solid solution results in the nucleation of a metastable Al 3 Zr phase having an ordered cubic L1 2 structure (Cu 3 Au-type͒ 5, 6, [9] [10] [11] [12] [13] and eventually the equilibrium Al 3 Zr phase having a tetragonal structure. These two phases, cubic Al 3 Zr and tetragonal Al 3 Zr, have also been observed in supersaturated Al-Zr solid solutions produced by rapid quenching. 14 The properties of aluminum and its alloys are significantly altered by the addition of zirconium. The rapid solidification of binary Al-Zr alloys with more than 0.15 atom % zirconium produces considerable grain refinement, 15, 16 resulting in aluminum grain sizes typically less than 10 m. The general explanation for this phenomenon is that L1 2 Al 3 Zr acts as a low-energy nucleation site for fcc Al due to the similar crystal structures. Rapid quenching is required to ensure that the Al 3 Zr solidifies with the metastable L1 2 structure rather than the equilibrium tetragonal structure. The presence of these fine Al 3 Zr precipitates also raises the recrystallization temperature of aluminum, extending the good mechanical properties of the alloy to more elevated temperatures. Zirconium is also added to commercial high-strength aluminum alloys to improve toughness, stress-corrosion resistance, and quench sensitivity. 12, 14 The addition of about 0.15 atom % Zr to several of the commercial aluminum alloys makes them superplastic due in part to the resulting grain refinement. 14, [17] [18] [19] Although Al-Zr alloys with many interesting properties can be obtained by standard nonequilibrium processing methods as noted previously, the industrial application of these materials requires a processing method such as isothermal electrodeposition that can be used to produce alloy coatings of uniform thickness with reproducible composition and structure. A number of corrosion-resistant aluminum-transition metal alloys similar to Al-Zr have been electrodeposited from Lewis acidic chloroaluminate molten salts. These well-known melts are obtained by mixing a molar excess of anhydrous aluminum chloride with an appropriate chloride salt. Typical salts that have been used to prepare these melts include alkali chlorides such as NaCl or quaternary ammonium chloride salts such as 1-͑1-butyl͒pyridinium chloride or 1-ethyl-3-methylimidazolium chloride ͑EtMeImCl͒. Chloroaluminate molten salts have been used as baths for the electrodeposition of several corrosion-resistant aluminum-transition metal alloys; some examples of these alloys include Al-Cr, 20, 21 Al-Mn, 22, 23 Al-Ti, 24, 25 and Al-V. 26 Progress in this area was recently reviewed. 27 Recently, Kawase and Ito 28 reported the electrodeposition of Zr and Al-Zr alloy films on carbon-coated ceramic substrates from solutions of electrogenerated Zr͑II͒ in the LiCl-KCl eutectic molten salt at 823 K. Al͑III͒ was the source of Al during the deposition of the Al-Zr alloys, and it was generated by the chemical oxidation of Al metal with Zr͑II͒.
The electrochemistry of zirconium has been investigated in the Lewis acidic AlCl 3 -NaCl melt. 29 In this study, insoluble green crystals of ZrCl 3 resulted from the electrochemical reduction of Zr͑IV͒ in a melt containing 51-52 mol % AlCl 3 at 448 K. It was possible to reduce Zr͑IV͒ to soluble Zr͑III͒ in a very acidic melt ͑60 mol% AlCl 3 ) if the temperature was raised to 523 K or more, but the Zr͑III͒ thus produced rapidly disproportionated to Zr͑IV͒ and Zr͑II͒. The precipitation of Zr͑III͒ as ZrCl 3 was used to efficiently separate hafnium from zirconium in AlCl 3 -NaCl melts of low acidity. 30 The electrochemistry of hexanuclear zirconium halide clusters was investigated in the AlCl 3 -EtMeImCl melt containing 60 mol % AlCl 3 . 31 However, no evidence for the electrodeposition of zirconium metal or Al-Zr alloy was obtained during this or any of the investigations just described. In this article, we report the electrodeposition of Al-Zr alloys on Cu substrates from the Lewis acidic AlCl 3 -EtMeImCl molten salt and the electrochemistry of Zr͑IV͒ and Zr͑II͒ in this melt as it pertains to the electrodeposition of these alloys.
Experimental
Procedures used for the synthesis of EtMeImCl, purification of AlCl 3 by sublimation, and preparation and purification of the AlCl 3 -EtMeImCl molten salt were identical to those described in a previous article. 26 Anhydrous ZrCl 4 ͑Aldrich, 99.9ϩ%) was used as received. The preparation of the molten salt and all electrochemical experiments were carried out in a nitrogen gas-filled glove box ͑VAC Atmospheres Nexus system͒ c with O 2 and H 2 O concentrations Ͻ5 ppm.
The UV-visible spectra of dissolved Zr ions were obtained by using a Varian Cary 5 spectrometer employing Wilmad no. 107-7 closed-type quartz cells. The path length of these cells was 0.10 cm.
Electrochemical experiments were conducted using an EG&G model 273 potentiostat/galvanostat controlled with EG&G PARC M270 software running on a Pentium III computer. Electronic resistance compensation was employed during all staircase voltammetry experiments. The step size used for staircase voltammetry, 2 mV, was small enough to permit the analysis of these resulting voltammograms with the conventional theories developed for linear scan voltammetry.
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A three-electrode Pyrex glass cell with a Teflon cap similar to that described in a previous article 33 was used for all experiments. A Pine Instruments Teflon-sheathed platinum rotating disk electrode ͑geometrical area 0.099 cm 2 ͒ was used as the working electrode during the voltammetry experiments. Coils of 0.10 cm diam aluminum wire ͑Alfa Aesar, 99.999%͒ were used for the counter and reference electrodes. These electrodes were immersed in pure melt with the same composition as the bulk melt, but were separated from the bulk melt by a porosity E glass frit ͑Ace Glass͒. The aluminum electrodes were cleaned with a mixture of concentrated aqueous H 2 SO 4 -HNO 3 -H 3 PO 4 , rinsed with distilled H 2 O, and dried under vacuum before use. All electrochemical experiments were carried out at 353 K unless otherwise noted.
The electrodeposition of Al-Zr alloys was performed with an EG&G PARC model 173 potentiostat/galvanostat equipped with a model 179 digital coulometer plug-in module. Alloy samples approximately 10 m thick were deposited on a length of 1.25 mm diam copper wire ͑99.9% purity͒ from solutions of Zr͑IV͒ or Zr͑II͒ in the AlCl 3 -EtMeImCl molten salt. The exposed surface area of the copper wire electrode was 0.80 cm 2 . The wire was lightly sanded with emery cloth and then washed successively with distilled water and anhydrous ethanol. The copper wire was rotated at 2000 rpm during deposition. The electrodeposits were washed in distilled water and dried under vacuum in the glove box antechamber. The surface morphology of the electrodeposits was examined at NIST with scanning electron microscopy ͑SEM͒ by using a JEOL JXA-840 scanning electron microscope. The electrodeposits were also examined by X-ray diffraction ͑XRD͒ with a Siemens D-500 diffractometer employing Cu K␣ radiation. The lattice parameters of the deposits were refined using the copper substrate reflections as an internal standard.
Potentiodynamic pitting corrosion measurements were carried out on these alloy samples at room temperature in deaerated, aqueous 0.1 mol L Ϫ1 solutions of NaCl. The reference electrode for these measurements was a sodium-saturated calomel electrode, and the counter electrode was a large surface area platinum wire coil. A known length of the plated Cu wire was exposed to the NaCl solution by using a heat-shrink tubing mask, and the sample was scanned at 0.5 mV s Ϫ1 by using linear staircase voltammetry with a step size of 2 mV.
Results and Discussion
Electrochemistry of ZrCl 4 .-ZrCl 4 appeared to be very soluble in the melt. Figure 1 shows typical cyclic staircase voltammograms ͑CSVs͒ recorded at a stationary Pt disk electrode in the 66.7 mol % AlCl 3 -EtMeImCl melt at 353 K before and after the addition of ZrCl 4 . Before the addition of ZrCl 4 , the only waves appearing in the voltammogram are those due to the deposition and stripping of aluminum according to the following well-known reaction
͓1͔
After the dissolution of ZrCl 4 , a small, ill-defined reduction wave with a peak potential, E pc , of about 0.92 V was also apparent ͑see Fig. 1 inset͒. In addition, the wave ascribed to the reduction reaction in Reaction 1 shows a small negative shift, the oxidation wave due to the stripping of the pure Al deposit from the Pt electrode in pure melt is absent, and new stripping waves are evident at more positive potentials. The latter stripping waves are attributed to the oxidation of one or more electrodeposited Al-Zr alloy phases that are more stable toward oxidation than pure Al. The electrodeposition of Al-Zr alloys from these solutions is discussed in a later section.
The voltammetric wave at E pc ϳ 0.92 V is shown in more detail in Fig. 2 . It was difficult to obtain reproducible results for this wave. In many cases, it was only possible to obtain a well-defined wave by polishing the platinum electrode surface before each scan. The difference in the peak potential and half-peak potential, E pc Ϫ E pc/2 , for this wave varied between 0.08 and 0.12 V and did not display any obvious dependence on the scan rate over the range extending from 0.005 to 0.500 V s
Ϫ1
. The smaller values of E pc Ϫ E pc/2 are reasonably close to the theoretical value of 0.07 V for a one-electron reversible reaction at 353 K, leading us to conclude that the reduction wave in Fig. 2 corresponds to the Zr͑IV͒/Zr͑III͒ electrode reaction. If the voltammetric scan is reversed immediately after the reduction wave at 0.92 V and scan rates greater than 50 mV s Ϫ1 are employed, then an associated oxidation wave is observed at E pa ϳ 1.09 V. Experiments conducted at a fixed scan rate revealed that the voltammetric peak reduction current, i pc , for the wave at 0.92 V did not always display a linear dependence on the ZrCl 4 concentration. This behavior was most pronounced at high ZrCl 4 concentrations and slow scan rates, and it was traced to the formation of a surface film on the electrode during the reduction of Zr͑IV͒. This film led to a decrease in the active area of the electrode and to many of the other anomalous results that were obtained for this voltammetric wave.
The reduction of Zr͑IV͒ was also examined as a function of scan rate at a fixed concentration. Figure 3 shows a plot of the peak reduction current, i pc , vs. the square root of the scan rate, 1/2 . Each data point in this figure is the average of several measurements. The linearity of this plot indicates that the reduction of Zr͑IV͒ is a diffusion-controlled process. An estimate of the peak current ratio, i pa /͉i pc ͉ was obtained by using Nicholson's semiempirical method. 34 This ratio is less than one at very slow scan rates, but increases to one at faster scan rates ͑Fig. 3͒. This latter result suggests that an irreversible homogeneous following chemical step is coupled to the electron-transfer reaction. 35 Because ZrCl 3 , but not ZrCl 2 , is insoluble in Lewis acidic chloroaluminate melts and in molten AlCl 3 , this coupled chemical step must be due to the precipitation of ZrCl 3 , as was found during the reduction of Zr͑IV͒ in Lewis acidic AlCl 3 -NaCl. 29 Thus, the reduction wave at ca. 0.92 V most likely involves the following sequence of reactions
The latter reaction is the source of the passivating film that forms on the electrode surface at slow scan rates or high Zr͑IV͒ concentrations. We also attempted to investigate the Zr͑IV͒/Zr͑III͒ reaction by carrying out controlled potential reduction at a large surface area platinum screen electrode at an applied potential of 0.80 V. After the passage of a fraction of the charge necessary to reduce all of the Zr͑IV͒, the electrode became completely passivated by the aforementioned surface film, and the solution became cloudy from a precipitate. The diffusion coefficient for Zr͑IV͒, D Zr͑IV) , and the StokesEinstein product, D Zr͑IV) /T, where is the absolute viscosity of the molten salt, were calculated from the data in Fig. 3 . The viscosity data taken from Fannin et al. 36 were used for the latter calculation. The diffusion coefficient for the related group IV species, Ti͑IV͒, that was measured in the 60.0 mol % melt at 300 K is given in Table I for comparison. D Ti͑IV) can be compared to D Zr͑IV) through the Stokes-Einstein product, D/T, which considers both the temperature of the measurement and the absolute viscosity of the solvent. D/T is a relative measure of the solvodynamic radius of the diffusing species. 37 A comparison of the calculated StokesEinstein products given in Table I shows that, despite the seemingly large differences in D Zr͑IV) and D Ti͑IV) , the two group IV species have roughly comparable solvodynamic radii. The somewhat smaller value of D Ti͑IV) /T may simply reflect the fact that Ti͑IV͒ vaporizes rapidly from the melt as TiCl 4 . 25 Thus, the diffusion coefficient data reported in the literature for Ti͑IV͒ may have been , and the step size was 2 mV. and D Ti͑IV) /T. Overall, these electrochemical results are very similar to those obtained during an investigation of the related titanium system in this same molten salt. 38 In this case, the Ti͑IV͒/Ti͑III͒ reaction was also complicated by a coupled irreversible following chemical reaction involving precipitation of the trivalent chloride, TiCl 3 . 38 The insolubility of TiCl 3 was also noted during previous investigations involving the electrodeposition of Al-Ti alloys from the Lewis acidic AlCl 3 -EtMeImCl and AlCl 3 -NaCl molten salts. 24, 25, 39 A recent investigation of the related vanadium system indicated that VCl 3 was virtually insoluble in the Lewis acidic AlCl 3 -EtMeImCl melt, whereas the divalent species, VCl 2 , was soluble. 26 Thus, the insolubility of the groups IV and V trivalent chlorides appears to be a general trend in Lewis acidic chloroaluminate melts.
Chemical Reduction of ZrCl 4 .-The CSV recorded for the solution containing Zr͑IV͒ shown in Fig. 1 Based on previous work with the related V͑II͒ and Ti͑II͒ species, 25, 26 we expect Zr͑II͒ to be stable and soluble in the acidic AlCl 3 -EtMeImCl melt. Figure 4 shows UV-vis spectra of a solution of Zr͑IV͒ in the 66.7 mol % melt before and after this solution was stirred with Al metal at 353.2 K for 3 days. During the reaction between Zr͑IV͒ and Al, the solution changed from colorless to reddish-brown with no evidence of the formation of the green precipitate of ZrCl 3 reported by Larsen et al. 41 in molten Al 2 Cl 6 and by Gilbert et al. 29 in acidic AlCl 3 -NaCl. We ascribe this soluble reddish-brown reduction product to a Zr͑II͒ species; this assignment is supported by the electrochemical experiments described in a later section. When we repeated these experiments in the 60.0 mol % melt containing approximately the same initial concentration of Zr͑IV͒, we obtained a different result. Under the less acidic conditions of this melt, the reduction of Zr͑IV͒ by Al also results in a reddish-brown solution, but the visual density of the color and the intensity of the absorption bands in the spectrum of this solution are greatly diminished compared to the solution resulting from similar experiments in the 66.7 mol % melt. In addition, the reaction vessel contained a considerable quantity of the green crystals of ZrCl 3 . Likewise, when we repeated these experiments with Zr͑IV͒ in the 66.7 mol % melt by using Zr metal as the reducing agent, the green precipitate of ZrCl 3 was obtained in abundance and only a small amount of Zr͑II͒ was obtained. Thus, it appears that Zr͑IV͒ can only be completely reduced to Zr͑II͒ by using Al metal and employing the very acidic 66.7 mol % melt ͑Fig. 4͒.
During the chemical reduction of Zr͑IV͒ with Al in the 66.7 mol % melt described previously, the rest potential of a Pt-RDE electrode immersed in the solution shifted to a value considerably negative of the Zr͑IV͒/Zr͑III͒ couple. Figure 5 shows a series of CSVs that were recorded at a Pt-RDE at different rotation rates in two solutions that were prepared in this melt by the chemical reduction of Zr͑IV͒ with Al metal. The concentrations of Zr͑IV͒ used to prepare these two solutions were different, and the CSVs were initiated 
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from the rest potential of each solution. Each of the CSVs in Fig. 5 shows two well-defined oxidation waves, and plots of E vs. log͓(i Ϫ i 1 )/i͔ were linear for both waves. Analysis of the intercepts of these plots gave half-wave potentials, E 1/2 , of 0.80 Ϯ 0.01 and 1.29 Ϯ 0.01 V for the first and second waves, respectively, in the CSVs recorded in the 5.40 mM solution, and E 1/2 ϭ 0.66 Ϯ 0.00 and 1.28 Ϯ 0.00 V, respectively, for the oxidation waves acquired in the 19.5 mM solution. Thus, E 1/2 for the first oxidation wave, but not the second wave, in these CSVs displays a dependence on the concentration of the electroactive species. Calculations based on the slopes of these plots yielded n ϭ 0.9 Ϯ 0.1 and 1.0 Ϯ 0.2 for the first and second waves, respectively, indicating that both waves correspond to one-electron reactions. Overall, the CSVs in Fig. 5 are very similar in appearance to those recorded during the oxidation of Ti͑II͒ in this same melt. 25 Taken together, these observations provide good evidence that the species produced during the chemical reduction of Zr͑IV͒ with Al is Zr͑II͒. The maximum concentration of Zr͑II͒ that could be obtained by the Al reduction of Zr͑IV͒ was about 19 mmol L
Ϫ1
. The inset of Fig. 5 shows that the limiting current densities for the first oxidation waves in Fig. 5 obey the Levich relationship. The diffusion coefficients and Stokes-Einstein products that were calculated from these limiting current density data are collected in Table  I 25, 39, 42, 43 Given the overall similarity of the chemistry of Ti͑II͒ and Zr͑II͒, polymerization of Zr͑II͒ is also expected. The observed concentration dependence of E 1/2 for the first Zr͑II͒ oxidation waves, but not the second waves, in Fig. 5 may also be related to such a phenomenon. However, additional experiments beyond the scope of this investigation are required to fully characterize the complicated electrochemistry of Zr͑IV͒ and Zr͑II͒ in the Lewis acidic AlCl 3 -EtMeImCl melt.
Electrodeposition of Al-Zr alloys.-The electrodeposition of bulk Al-Zr alloys was examined by using dc galvanostatic methods at 353 K in the 66.7 mol % melt containing either Zr͑IV͒ or Zr͑II͒ prepared by the Al reduction of Zr͑IV͒ ͑vide supra͒. Because there are no side reactions to compete with the Al-Zr deposition process, the current efficiency is nearly 100%. The substrate for these deposition experiments was a copper rotating wire electrode. A rotation rate of 2000 rpm was used for these experiments to be consistent with previous studies involving the electrodeposition of Al-Ti 25 and Al-V 26 from this same molten salt. The compositions of the Al-Zr alloys resulting from these experiments are shown as a function of current density in Fig. 6 . The data in this figure lead to two conclusions. First, the Zr content of the electrodeposited alloys decreases with increasing current density. Second, solutions of Zr͑IV͒ lead to Al-Zr alloys containing greater amounts of Zr than Zr͑II͒ solutions of equal concentration.
The first result is expected because at low reduction current densities and correspondingly less negative potentials, the partial current density for Zr would be a larger fraction of the total current. As the current density is increased, the partial current for the reduction of the Zr species should reach a limiting value, whereas the partial current for the reduction of Al 2 Cl 7 Ϫ , which is present in this melt at a concentration of 3.24 M at 353 K, continues to increase. This behavior is a common feature of overpotential alloy deposition in chloroaluminate melts and was observed during the electrodeposition of Al-Cr 20, 21 Al-Mn, 23, 44 Al-Mo, 45 and Al-Ti. 24, 25, 39, 46 The finding that plating solutions containing Zr͑IV͒ lead to alloys with higher Zr content than plating solutions containing equal concentrations of Zr͑II͒ may be reconciled by considering the diffusion coefficient data in Table I . Because the concentration-dependent diffusion coefficient for Zr͑II͒ is only a small fraction of that for Zr͑IV͒, the observed inefficiency of Zr͑II͒ for plating Al-Zr alloys must be directly related to the mass-transport limitations imposed by the diminutive diffusion coefficient of the latter species.
Characterization of electrodeposited Al-Zr alloys.-The surface morphology of Al-Zr deposits of varying composition is shown in Fig. 7 . The 1.4 atom % Zr deposit, Fig. 7a , is nodular and the nodules tend to follow the defects, i.e., striations, that were introduced into the drawn wire substrate as the result of its processing. The nodules are typically 5-10 m diam and appear to be single crystals. The 4.9 atom % Zr deposit, Fig. 7b , shows significant grain refinement. The nodules are typically 1 m diam or less. Although the 4.9 atom % Zr deposit was made at a lower current density than the 1.4 atom % Zr deposit, it has a smaller nodule size, suggesting that the grain refinement is driven by the incorporation of Zr into the alloy rather than the deposition overpotential. Similar behavior was recently reported for electrodeposited Al-Ti alloys. 25 The deposit morphology changes significantly with further additions of Zr. Figure 7c shows the surface of a 15.9 atom % Zr deposit with the compact, rounded nodular structure that is generally associated with metallic glasses.
Electrodeposits containing 1.4-16.6 atom % Zr were examined by XRD. The diffraction patterns for selected deposits are shown in Fig. 8 . Deposits containing less than 5 atom % Zr have diffraction patterns that can be indexed to a chemically disordered fcc structure very similar to that of pure aluminum, indicating that the Al-Zr alloy is a single phase, supersaturated solid solution. The lack of 100 and 110 superlattice reflections at 21.9°and 31.2°, respectively, indicates that the alloy does not exhibit Ll 2 ordering. These patterns indicate that the Al grains are randomly oriented and have no preferred crystallographic texture. Two distinct changes in the diffraction patterns with increased Zr composition are observed. The first is a shift in the reflections to lower values of 2. This is to be expected as the larger Zr atoms ͑lattice volume of 23. 39°. The deposit containing 9.7 atom % Zr appears to be comprised of an amorphous phase in addition to fcc Al, whereas the deposit containing 16.6 atom % Zr is completely amorphous.
The lattice parameters of the fcc Al phase were refined by using the copper substrate reflections as an internal standard. These parameters are plotted as a function of alloy composition in Fig. 9 . In addition, literature values for single phase solid solutions produced by rapid solidification are plotted for comparison. 2, 4 As-quenched alloys containing more that 3.0 atom % Zr were noted to be two-phase. 4 Similar levels of supersaturation have been produced by vapor deposition. 7 Clearly, solid solutions containing up to about 2 atom % Zr follow Vegard's law; i.e., the lattice volumes of the solid solution are simply linear combinations of the constituent lattice volumes. In the region of 2-5 atom % Zr, the lattice volumes are smaller than those predicted by Vegard's law. It appears that this deviation is real because there is no evidence for any second phase in either the rapidly solidified 4 or electrodeposited material in this composition range, e.g., see Fig. 8b . The highest degree of supersaturation was observed in deposits nominally containing 8-10 atom % Zr. SEM examination of these deposits indicated that the Zr was not homogeneously distributed throughout the deposit. Energydispersive spectroscopy clearly showed regions containing high levels of Zr with a surface morphology similar to Fig. 7c and regions containing low levels of Zr that had a surface morphology similar to Fig. 7b . In certain areas, a supersaturated fcc phase nucleated on top of a Zr-rich amorphous layer, suggesting that insufficient Zr was available to maintain deposition of the amorphous phase. Because the Zr is partitioned between the fcc and amorphous phases in these two-phase deposits, the actual amount of Zr retained in solid solution can be estimated from the lattice parameter to be about 6 atom % in these electrodeposits. This level of supersaturation is at least twice that observed in vapor deposited or rapidly quenched alloys reported to date. Two-phase regions are often observed in electrodeposited aluminum-transition metal alloys when the concentration of the transition metal exceeds the limit of supersaturation in the fcc Al solid solution. The appearance of the second phase, which often has an amorphous structure, generally causes a relaxation in the supersaturation of the solid solution. This has been observed in Al-Cr 20 and Al-Mn 47 alloys electrodeposited from AlCl 3 -NaCl electrolytes. The two-phase region observed in electrodeposited Al-Zr is clearly different from that reported in alloys deposited from the hightemperature melt. We have not observed the fine-grained duplex structure that is typically observed in homogeneous two-phase alloys, nor have we observed a relaxation in the supersaturation of Zr in the fcc phase when the amorphous phase is present. This suggests that the two-phase Al-Zr deposits are not intimately co-deposited but consist of large, discrete regions of single phase material. The nonuniform distribution of Zr and the resultant inhomogeneous surface morphology revealed by SEM are consistent with this conclusion.
The phase distribution appears to follow a composition distribution that seems to be the result of a nonuniform current distribution along the copper wire electrode. , the step size was 2 mV, and the experiments were conducted at room temperature. The rounded nodular structure that is often associated with amorphous deposits is not necessarily obtained in all the amorphous electrodeposits. Figure 10 shows the as-deposited surfaces of three alloys deposited at different current densities. Each contains 15.6-16.6 atom % Zr and has an identical amorphous XRD structure. The morphologies are quite different. Deposits formed at low current density ͑р10 mA cm Ϫ2 ͒ are poorly nucleated and have a particulate or platelet morphology ͑see Fig. 10a and b͒. In contrast, the amorphous deposit formed at 20 mA cm Ϫ2 is dense and compact. To the naked eye, it also has a specular appearance. We believe that this may be due to a Zr 3ϩ intermediate that may be more prevalent at the lower current densities, i.e., at more positive deposition potentials. The limited solubility of Zr 3ϩ may lead to its precipitation on the electrode surface and to disruption of Al-Zr alloy film growth.
Pitting potential measurements of Al-Zr alloys.-The corrosion resistance of the electrodeposited Al-Zr alloys was investigated by recording potentiodynamic anodic polarization curves in N 2 -saturated aqueous 0.1 M NaCl. These polarization curves are shown in Fig. 11 . As noted for Al-Mn alloys examined under similar conditions, 23 Al-Zr alloys display a stable passive region characterized by a very small potential-independent current followed by a sudden rise in current at the pitting potential as the deposit undergoes electrodissolution. The variation of the Al-Zr pitting potential with alloy composition is shown in Fig. 12 . The addition of 8 atom % or more Zr increases the pitting potential of the alloy by about ϩ0.3 V vs. pure Al. This increase is close to the value for the Al 97 Zr 3 alloy that was prepared by sputter deposition. 48 
